Introduction {#s1}
============

Injection drug use (IDU) is known as a major risk factor for spreading HIV infection and is a global public health concern ([@B1]). Methadone maintenance treatment (MMT) is an opioid substitution treatment for opiate addiction and IDU. Evidence has shown that MMT substantially decreases sharing of injecting devices, the frequency of drug use, drug crimes, and HIV transmission ([@B2], [@B3]). Since the mid-1990s, antiretroviral therapy (ART) has been widely applied to the treatment for HIV patients, which leads to extensive reductions in HIV-related morbidity and mortality ([@B4], [@B5]). However, high and sustained levels of medication adherence are required for the effectiveness treatment, which can be challenging for HIV patients ([@B6], [@B7]). Furthermore, drug users have lower medication adherence of ART and more rapid HIV disease progression compared to other HIV patients ([@B8]--[@B10]). Recent studies have found that ART obtains improved access and adherence to treatment when used in combination with MMT ([@B11]--[@B13]). On the whole, MMT not only decreases illicit opioid use and hence reduces HIV acquisition but is critical to improving the medication adherence to ART ([@B14]). Therefore, it is becoming more considerable to study the relationship between methadone and HIV.

As an opioid receptor agonist, methadone possesses pharmacological effects similar to opiates, which have a potential cofactor role in the immunopathogenesis of HIV disease ([@B15]--[@B17]). Accumulating evidence suggests that abuse of opiates (morphine and heroin) disturbs the function of the immune system, weakens the host\'s defense to HIV infection, and impairs the function of multiple organs ([@B15]--[@B17]). Several studies have reported that opioids enhance HIV infection through several mechanisms, including upregulation of HIV coreceptors (CCR5 and CXCR4) ([@B18]), inflammatory cytokines ([@B19], [@B20]), inhibition of IFNs, and IFN stimulating genes ([@B21], [@B22]). Importantly, *in vitro* and *in vivo* studies have shown that methadone may dysregulate the immune functions of mononuclear phagocytes ([@B23]), human T lymphocytes ([@B24], [@B25]), and NK cells ([@B26]). Although there was one report that methadone enhanced HIV replication in macrophages through upregulation of CCR5, a key coreceptor for HIV entry into target cells ([@B23]), it is still unclear whether methadone has the other mechanisms on host cell-mediated innate immunity against HIV infection. Therefore, we initiated this study to explore the impact of methadone on the intracellular immunity and HIV infection of primary human macrophages.

Materials and Methods {#s2}
=====================

Blood Monocyte-Derived Macrophages
----------------------------------

Human peripheral blood was obtained from healthy adult donors with no history of drug abuse. Written informed consent was signed by all the study participants. The Research Ethics Committee of School of Basic Medical Sciences of Wuhan University approved this project. Purification of monocytes was performed as described previously ([@B27]). Briefly, blood was layered over lymphocyte separation medium (Alere Technologies AS, Oslo, Norway) and centrifuged at 800 g for 30 min at room temperature. The gradient of peripheral blood mononuclear cells (PBMC) were obtained above the Ficoll layer, carefully aspirated, and then transferred to gelatin-coated flasks for cellular adherence. After 45 min incubation in 5% CO~2~ at 37°C, flasks were washed 8--10 times with DMEM to eliminate non-adherent cells. Cells were then exposed to 10 mM EDTA in DMEM containing 20% fetal calf serum. Freshly isolated monocytes were cultured in 48-well plates at a density of 2.5 × 10^5^ cells/well in Dulbecco\'s modified Eagle medium (DMEM) supplemented with 10% FBS, 2 mM glutamine, 100 U/mL streptomycin/penicillin and 1 μM GM-CSF. The medium was replaced at 2--3 days intervals, and monocyte-derived macrophages were obtained after 7 days culture. Macrophages were stained with fluorescence-conjugated anti-human CD14 antibody and analyzed for CD14 expression by flow cytometry. The purity of the macrophages was \>95% according to flow cytometry analysis ([Figure S1](#SM1){ref-type="supplementary-material"}).

Cytotoxicity Assay
------------------

The influence of methadone on cell viability was examined by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay. Macrophages were first seeded in 96-well plates and then treated with methadone at the indicated concentrations (0, 1, 10, 25, 50, 100, and 200 μM) for 24 h. MTT solution (20 μL, 5 mg/mL, Sigma) was added to the wells and re-incubated for 4 h at 37°C. Then medium was removed and 100 μL of dimethyl sulfoxide (Sigma) was added into each well. The optical density (OD) at 560 nm was measured by an ELISA reader. All assays were repeated three times.

Methadone Treatment and HIV Infection
-------------------------------------

Methadone was kindly provided by Drug Rehabilitation Center of Wuhan Centers for Disease Control and Prevention. The macrophage-tropic R5 strain (Bal) was maintained in our laboratory and routinely propagated in primary human macrophages. Macrophages (2.5 × 10^5^ cells/well) were treated with different concentrations (0.01, 0.1, 1.0, 5.0, and 10.0 μM) of methadone for 24 h before infection with HIV. Naltrexone (1 μM, 3B Scientific Corporation, Wuhan, China), a μ-opioid receptor antagonist, was added to the macrophage cultures for 1 h prior to methadone treatment. After drug pre-treatment, the cells were infected with HIV (Bal strain, p24, 10 ng/10^6^ cells) for 2 h at 37°C and then washed with DMEM to remove the unabsorbed virus. Fresh medium containing methadone was added to cell cultures every 3 days. The cell culture supernatants were collected to assess HIV p24 production by using p24 ELISA kit (Zeptometrix Corp., Buffalo., NY., USA) at 2, 4, 8, and 12 days post infection (dpi). Cellular RNA and lysates were collected at the indicated time points for subsequent gene and protein detection, respectively.

RNA/DNA Extraction and Real-Time RT-PCR
---------------------------------------

Total RNA from macrophages was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s instruction. Total RNA (1 μg) was subjected to reverse transcription using Moloney murine leukemia virus (M-MLV) reverse transcriptase (Promega, Madison, WI, USA) with random primers for 1 h at 42°C. The reaction was terminated by incubating the reaction mixture at 72°C for 10 min and then kept at 4°C. Total DNA from macrophages was extracted with Genomic DNA kit (CWBIO, Jiangsu, China) according to the manufacturer\'s instruction. The resulting cDNA or DNA was then used as a template for real-time PCR quantification with the iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) on a CFX Connect Real-Time PCR System (Bio-Rad). Primers sequences used in PCR reactions are shown in [Table 1](#T1){ref-type="table"} and synthesized by Genecreate Biological Engineering Co (Wuhan, China). Gene expression was normalized to GAPDH and calculated using the 2^−ΔΔCt^ method. The U6 gene was used as an endogenous control for miRNAs detection.

###### 

The primers for real-time RT-PCR.

  **Target gene**   **primer**   **Nucleotide sequence**
  ----------------- ------------ ---------------------------------------
  GAPDH             F            5′-GGTGGTCTCCTCTGACTTCAACA-3′
                    R            5′-GTTGCTGTAGCCAAATTCGTTGT-3′
  GAG               F            5′ATAATCCACCTATCCCAGTAGGAGAA-3′
                    R            5′-TTTGGTCCTTGTCTTATGTCCAGAAT-3′
  MIP-1β            F            5′-CCAAACCAAAAGAAGCAAGC-3′
                    R            5′-AGAAACAGTGACAGTGGACC-3′
  IFN β             F            5′-GCACAACAGGTAGTAGGCGA-3′
                    R            5′-GCCTCCCATTCAATTGCCAC-3′
  IFN-λ2            F            5′-TTTAAGAGGGCCAAAGATGC-3′
                    R            5′-TGGGCTGAGGCTGGATACAG-3′
  APOBEC3G          F            5′-TCAGAGGACGGCATGAGACTTAC-3′
                    R            5′-AGCAGGACCCAGGTGTCATTG-3′
  APOBEC3F          F            5′-TTCGAGGCCAGGTGTATTCC-3′
                    R            5′- GGCAGCTGGTTGCCACAGA-3′
  MxB               F            5′-AGCAGTATCGAGGCAAGGAGC-3′
                    R            5′-TGGCGAGACGTTTGCTGGTTTC-3′
  miRNA-28          F            5′-ACACTCCAGCTGGGAAGGAGCTCACAGTCT-3′
                    R            5′-TGGTGTCGTGGAGTCG-3′
  miRNA-125b        F            5′-ACACTCCAGCTGGGTCCCTGAGACCCTAAC-3′
                    R            5′-TGGTGTCGTGGAGTCG-3′
  miRNA-150         F            5′-ACACTCCAGCTGGGTCTCCCAACCCTTGTA-3′
                    R            5′-TGGTGTCGTGGAGTCG-3′
  miRNA-155         F            5′-ACACTCCAGCTGGGTTAATGCTAATCGTGAT-3′
                    R            5′-TGGTGTCGTGGAGTCG-3′
  Strong stop       F            5′-GGCTAACTAGGGAACCCACTG-3′
                    R            5′-CTGCTAGAGATTTTCCACACTGA-3′
  Late RT           F            5′-TGTGTGCCCGTCTGTTGTGT-3′
                    R            5′-GAGTCCTGCGTCGAGAGAGC-3′

Western Blot and ELISA Analysis
-------------------------------

Macrophages were washed with ice-cold PBS three times and lysed in RIPA with 1% protease inhibitor PMSF. Protein concentrations were determined by BCA protein assay. Proteins were resuspended in SDS-PAGE Sample Loading Buffer (Biosharp, Hefei, Anhui, China; BL502A) and heated for 5 min at 95°C. The equivalent amounts of protein (50 μg) for each sample were then resolved by 12% SDS-PAGE and transferred to PVDF membranes. The blots were subsequently immunoblotted with the following antibodies: anti-APOBEC3G (1:500; Santa Cruz Biotechnology, Santa Cruz, California, USA; sc-48820), anti-APOBEC3F (1:200; Santa Cruz; sc-46725), anti-MxB (1:1000; Santa Cruz; sc-271527), and anti-GAPDH (1:5000; Sungene biotech, Tianjin, China; KM9002). The blots were incubated with the HRP-Goat anti-Rabbit secondary antibody (1:5000; Cell Signaling Technology, Shanghai, China; 7074s) or HRP-Goat anti-mouse secondary antibody (1:5000; Cell Signaling Technology, Shanghai; 7076), respectively. The bound antibodies were detected using Electro-Chemi-Luminescence Substrate Kit (Wuhan Servicebio Technology Co, Wuhan, Hubei, China), and the signal intensities of protein bands were analyzed by ImageJ software (Dr. Wayne Basband, National Institutes of Health, Bethesda, MD, USA). Human MIP-1β, IFN-β, IFN-λ2 (4A Biotech, Beijing, China) and viral particles p24 (Zeptometrix Corp. Buffalo. NY. USA) in the supernatants were detected using ELISA kits according to the manufacturer\'s instruction.

Statistical Analysis
--------------------

Student\'s *t*-test was used to evaluate the significance of difference between groups, and multiple comparisons were performed by regression analysis and one-way analysis of variance. Statistical analyses were performed with Prism Software, and all data were presented as mean ± SD. Statistical significance was defined as *p* \< 0.05.

Result {#s3}
======

Methadone Enhances HIV Replication in Macrophages
-------------------------------------------------

Macrophages were treated with different concentrations of methadone (10--200 μM), and drug cytotoxicity was examined by MTT assay. Methadone treatment had little effect on viability of macrophages at concentrations lower than 10 μM and the median cytotoxic concentration (CC~50~) of methadone was 437.56 μM ([Table 2](#T2){ref-type="table"}). Thus, we utilized methadone at concentrations of 10 μM or lower throughout the following experiments.

###### 

Cytotoxicity of methadone in macrophages.

                       **Methadone (μM)**   **CC~**50**~ (μM)**                                                               
  -------------------- -------------------- --------------------- -------------- -------------- -------------- -------------- --------
  Cell viability (%)   99.62 ± 0.85         94.85 ± 2.26          88.69 ± 1.47   84.07 ± 1.51   79.50 ± 1.27   74.50 ± 0.86   437.56

To evaluate effect of methadone on HIV infection/replication, macrophages were incubated in the presence or absence of different concentrations of methadone (0.01, 0.1, 1.0, 5.0, and 10.0 μM) for 24 h and then challenged with HIV Bal strain for 2 h. As shown in [Figure 1A](#F1){ref-type="fig"}, methadone significantly enhanced HIV GAG gene expression in macrophages in a dose-dependent manner at 8 dpi. In addition, methadone-treated macrophages showed higher levels of p24 protein compared to untreated cells ([Figure 1B](#F1){ref-type="fig"}) at 8 dpi. Methadone (1 μM) significantly enhanced HIV GAG gene expression and p24 protein in macrophages in a time-dependent manner ([Figures 1C,D](#F1){ref-type="fig"}). Pretreatment of macrophages with naltrexone, a μ-opioid receptor antagonist, blocked the methadone-induced upregulation of HIV p24 expression ([Figure 1E](#F1){ref-type="fig"}) at 8 dpi, which indicated that this effect of methadone on HIV infection was acting through the opioid receptors.

![Methadone enhanced HIV infection of macrophages. Macrophages were treated with methadone at indicated concentrations for 24 h, and then infected with HIV Bal for 2 h. Total cellular RNA extracted from cells was collected for HIV GAG gene by real-time RT-PCR **(A)**, and culture supernatant collected at 8 dpi were analyzed by p24 ELISA **(B)**. Macrophages were treated with methadone (1 μM) for 24 h, and then infected with HIV Bal strain for 2 h. Cells and supernatants were collected at 2, 4, 8, and 12 dpi. Total cellular RNA extracted from cells was detected for HIV GAG gene by real-time RT-PCR **(C)**, and macrophages culture supernatants were analyzed by p24 ELISA **(D)**. Naltrexone (1 μM) was added to macrophages cultures for 1 h prior to methadone (1 μM) treatment. The cells were subsequently incubated with equal amounts of HIV Bal strain for 2 h, and fresh medium containing methadone (1 μM) with/without naltrexone (1 μM) was added to cell cultures. Macrophages culture supernatants were collected at 8 dpi and analyzed by ELISA **(E)**. **(F)** Macrophages were treated with methadone (1 μM) for 24 h, and then infected with HIV Bal for 2 h. Total cellular DNA extracted from cells was collected for HIV Strong Stop DNA and Late-RT DNA by real-time RT-PCR at 24 h post infection. The results are presented as means ± standard deviations obtained from three independent experiments (^\*\*\*^*p* \< 0.001; ^\*\*^*p* \< 0.01; ^\*^*p* \< 0.05).](fimmu-11-01253-g0001){#F1}

Previous studies have demonstrated CCR5, the key coreceptor for HIV entry into the target cells, was elevated in methadone-treated macrophages compared to untreated cells ([@B23]). Here we also verified this phenomenon of methadone enhancement on CCR5 at both RNA and protein levels ([Figure S2](#SM1){ref-type="supplementary-material"}). Thus, we tested how methadone affected the early steps of HIV replication (virus entry and reverse transcription). Strong Stop DNA, the early product of reverse transcription synthesized shortly after viral entry, was used for the assessment of viral entry ([@B28]). Late-RT DNA was applied to monitor formation of reverse transcription products right after HIV entered the cell ([@B29]). As shown in [Figure 1F](#F1){ref-type="fig"}, methadone enhanced HIV-1 Strong Stop DNA and reverse transcription DNA at 24 hpi, which implied that the critical step of HIV-1 infection elevated by methadone treatment occurred right after virus entry and initiation of reverse transcription.

Methadone Reduces the Level of MIP-1β
-------------------------------------

Since CC chemokines (MIP-1α, MIP-1β, and RANTES) are the natural ligands for CCR5 ([@B30]), we investigated the effect of methadone on CC chemokines expression in macrophages. Macrophages were incubated with methadone for 24 h, and the intracellular gene expression of the CC chemokines (MIP-1α, MIP-1β, and RANTES) and protein level of the MIP-1β in the whole cell lysate were quantified by real-time RT-PCR and ELISA assay, respectively. As shown in [Figure 2](#F2){ref-type="fig"}, although methadone had little effects on MIP-1α and RANTES ([Figures 2A,B](#F2){ref-type="fig"}), methadone effectively inhibited the expression of MIP-1β in macrophages (75.5 ± 2.5% reduction in mRNA level; and 14.3 ± 2.8% reduction in protein level). Pretreatment of macrophages with naltrexone prior to methadone treatment eliminated the suppressive effect of methadone on MIP-1β expression at both mRNA and protein levels (the 4th column, [Figures 2C,D](#F2){ref-type="fig"}), whereas the cell culture treated with naltrexone alone were not affected as to the CC chemokine expression (the 3rd column, [Figures 2C,D](#F2){ref-type="fig"}). It is worth noting that methadone had the similar effect in HIV-infected macrophages regarding the inhibitory effect on MIP-1β expression at 8 dpi (the fifth and sixth columns, [Figures 2C,D](#F2){ref-type="fig"}).

![Methadone downregulated the expression of MIP-1β in macrophages. Naltrexone (1 μM) was added to macrophage cultures for 1 h prior to methadone (1 μM) treatment and macrophages and supernatants in groups without HIV were collected at 24 h post treatment. Macrophages in HIV groups were treated with or without methadone (1 μM) for 24 h and then infected with HIV Bal strain for 2 h. Cells and supernatants were collected at 8 dpi. Total cellular RNA was subjected to the real-time RT-PCR for MIP-1α **(A)**, RANTES **(B)**, and MIP-1β **(C)** mRNA, and GAPDH was used as a reference gene. **(D)** MIP-1β protein in the culture supernatant was analyzed by ELISA assay. The results are presented as means ± standard deviations obtained from three independent experiments (^\*\*\*^*p* \< 0.001; ^\*\*^*p* \< 0.01; ^\*^*p* \< 0.05).](fimmu-11-01253-g0002){#F2}

Methadone Downregulates Interferon (IFN) Expression and Restriction Factors
---------------------------------------------------------------------------

Since IFNs play an important role in host cell innate immunity against viral infections ([@B31]--[@B34]), we examined the effect of methadone on IFN expression in macrophages. Methadone treatment of macrophages significantly suppressed the expression of IFN-β (36.9 ± 0.7% reduction in mRNA level, [Figure 3A](#F3){ref-type="fig"}; 53.8 ± 10% reduction in protein level, [Figure 3C](#F3){ref-type="fig"}) and IFN-λ2 (50.8 ± 2.1% reduction in mRNA level, [Figure 3A](#F3){ref-type="fig"}; 49.5 ± 5.3% reduction in protein level, [Figure 3C](#F3){ref-type="fig"}), respectively. Pretreatment of macrophages with naltrexone dismissed the inhibitory effect of methadone on IFN-β and IFN-λ2 expression at both mRNA and protein levels, and naltrexone alone had little effect on IFN-β and IFN-λ2. However, methadone had little effect on the expression of IFN-α and IFN-γ in macrophages in our observation ([Figure 3B](#F3){ref-type="fig"}). Moreover, we also found that methadone treatment of macrophages suppressed the expression of IFN-β and IFN-λ2 in the context of HIV infection (the fifth and sixth columns, [Figures 3A,B](#F3){ref-type="fig"}).

![Methadone suppressed the expression of intracellular interferons in macrophages. Naltrexone (1 μM) was added to macrophages cultures for 1 h prior to methadone (1 μM) treatment. Macrophages and supernatants in groups without HIV were collected at 24 h post treatment. Macrophages in the HIV groups were treated with or without methadone (1 μM) for 24 h, and then infected with HIV Bal strain for 2 h. Cells and supernatants were collected at 8 dpi. Total cellular RNA was subjected to the real-time RT-PCR for IFN-β, IFN-λ2 **(A)**, IFN-α and IFN-γ **(B)**, and GAPDH was used as a reference gene. **(C)** Secretory IFN-β and IFN-λ2 in the culture supernatant were analyzed by ELISA assay. The results are presented as means ± standard deviations obtained from three independent experiments (^\*\*\*^*p* \< 0.001; ^\*\*^*p* \< 0.01; ^\*^*p* \< 0.05).](fimmu-11-01253-g0003){#F3}

Host restriction factors are an important and potent class of intracellular components to block to viral replication and initiate the innate immune response to viral infection. These host proteins are often induced by interferon signaling and antagonized by viral factors ([@B35], [@B36]). We further investigated the effect of methadone on the expression of APOBEC3F, APOBEC3G, and MxB in macrophages. We found macrophages treated with methadone showed significant reduction on the expressions of APOBEC3F (47.4 ± 15.6% reduction), APOBEC3G (40 ± 21.5% reduction), and MxB (60.7 ± 6.5% reduction) compared to untreated cells ([Figure 4A](#F4){ref-type="fig"}). Western blot analysis further confirmed the methadone action on the protein production of APOBEC3G, APOBEC3F, and MxB, with 32.3 ± 3.8%, 43.9 ± 11%, and 61.8 ± 20% of downregulation, respectively ([Figure 4B](#F4){ref-type="fig"}). The inhibitory effects of methadone can be blocked by pretreatment of macrophages with naltrexone ([Figure 4](#F4){ref-type="fig"}). It is important to note that during HIV infection, methadone treatment of macrophages reduced the expression of APOBEC3G, APOBEC3F, and MxB in both mRNA and protein levels ([Figures 4D--F](#F4){ref-type="fig"}).

![Methadone inhibited the expression of APOBEC3F, APOBEC3G, and MxB in macrophages. Naltrexone (Nalt, 1 μM) was added to macrophages cultures for 1 h prior to methadone (MD, 1 μM) treatment and macrophages in groups without HIV were collected at 24 h post treatment. Macrophages in HIV groups were treated with or without methadone (1 μM) for 24 h, and then infected with HIV Bal strain for 2 h, and cells were collected at 8 dpi. The expression of APOBEC3F, APOBEC3G, and MxB at the mRNA level **(A,D)** and protein level **(B,E)** were detected by real-time RT-PCR and Western blot, respectively. Intensities of protein bands of the Western blot were quantized after normalization with corresponding values of GAPDH expression **(C,F)**. The results are presented as means ± standard deviations obtained from three independent experiments (^\*\*\*^*p* \< 0.001; ^\*\*^*p* \< 0.01; ^\*^*p* \< 0.05).](fimmu-11-01253-g0004){#F4}

Methadone Inhibits HIV Restriction miRNAs
-----------------------------------------

Previous studies have shown that certain cellular miRNAs contribute to restriction of HIV replication in $\text{CD}_{4}^{+}$ T lymphocytes ([@B37]), monocytes and macrophages ([@B38]). Thus, we assessed the effect of methadone on the expression of the HIV restriction miRNAs (miRNA-28, miRNA-125b, miRNA-150, and miRNA-155) in macrophages. We demonstrated that methadone reduced the expression of these miRNAs compared to untreated cells ([Figure 5](#F5){ref-type="fig"}). Pretreatment of macrophages with naltrexone diminished the suppressive effect of methadone on the HIV restriction miRNAs, whereas naltrexone alone had little effect on these miRNAs ([Figure 5](#F5){ref-type="fig"}).

![Methadone decreased the expression of anti-HIV microRNAs in macrophages. Naltrexone (1 μM) was added to macrophages cultures for 1 h prior to methadone (1 μM) treatment, and macrophages were collected at 24 h post treatment. Total RNA extracted from the cells was subjected to the real-time RT-PCR for the expression of anti-HIV miRNAs (miR-28, miR-125b, miR-150, and miR-155). The results are presented as means ± standard deviations obtained from three independent experiments (^\*\*^*p* \< 0.01).](fimmu-11-01253-g0005){#F5}

IFN-β Addition Restores the Decreased Gene Expression Caused by Methadone
-------------------------------------------------------------------------

We already revealed the inhibitory effect of methadone in IFN production as described above, which raises an interesting question whether this IFN downregulation is directly linked to host restriction factors and miRNAs modulation. We utilized exogenous IFN-β treatment on methadone-treated cells and found that IFN-β restored the decreased gene expression of IFN-β caused by methadone ([Figure 6A](#F6){ref-type="fig"}). Consequently, reduced ISGs due to methadone treatment, including APOBEC3G, APOBEC3F, and MxB, could be recovered by IFN-β addition at the mRNA ([Figures 6C--E](#F6){ref-type="fig"}) and protein level ([Figure 6B](#F6){ref-type="fig"}). A pack of HIV restriction miRNAs (miR-125b, miR-150, and miR-155) also reached elevated levels after IFN-β treatment ([Figures 6F--H](#F6){ref-type="fig"}). Therefore, we concluded that IFN-β addition reverted the inhibitory effect of methadone on restriction factors (APOBEC3G, APOBEC3F, and MxB) and miRNAs (miR-125b, miR-150, and miR-155).

![IFN-β addition restores the decreased gene expression caused by methadone. Macrophages were treated with methadone (1 μM), methadone combining with IFN-β (100 U/ml) or IFN-β (100 U/ml) for 24 h. Total cellular RNA extracted from cells was collected for IFN-β, APOBEC3G, APOBEC3F, MxB, and miRNAs (miRNA-125b, miRNA-150, and miRNA-155) gene by real-time RT-PCR **(A, C--H)** and the protein collected at 24 h was analyzed by Western blot **(B)**. The results are presented as means ± standard deviations obtained from three independent experiments (^\*\*\*^*p* \< 0.001; ^\*\*^*p* \< 0.01; ^\*^*p* \< 0.05).](fimmu-11-01253-g0006){#F6}

Discussion {#s4}
==========

Methadone maintenance treatment reduces or eliminates craving for opioids, prevents opioid withdrawal symptoms, and blocks the euphoric effects of additional opioids. Therefore, methadone can widely be applied as an effective treatment for drug abusers ([@B39]--[@B42]). Furthermore, opioid abusers receiving MMT have better adherence to ART and lower likelihood of HIV infection associated with drug injection compared to non-MMT treated group ([@B11]--[@B13], [@B43]). The increasing reliance on MMT to control the HIV epidemic in IDUs calls for urgent clarification of the remaining uncertainties regarding methadone and immune function. Previous research indicated that illicit drugs (methamphetamine, morphine, and heroin), even alcohol, influenced HIV entry, activated the transcription of HIV LTR, and disordered innate immunity, thereby promoting HIV replication in human immune cells ([@B44]--[@B51]). However, not much is known about whether methadone can enhance virus infection like other drugs by regulating immune system in macrophages, one of the primary targets and reservoir of the HIV. In this study, our data supports the hypothesis that methadone augments HIV infection through the dysregulation of antiviral factors in macrophages.

In our experiments, we found that methadone facilitated HIV replication in macrophages ([Figure 1](#F1){ref-type="fig"}) and enhanced the synthesis of HIV-1 Strong Stop DNA and reverse transcription DNA at 24 hpi, which signified that the key steps for HIV infection increased by methadone treatment occurred after the preliminary stage of virus entry. Studies have documented that morphine could enhance HIV replication in human immune cells by the modulation of beta-chemokines and CCR5 receptor ([@B20], [@B50]). In addition, Li et al. showed that, similar to morphine, methadone facilitated HIV activation and replication through the upregulation of CCR5 ([@B23]). Consistent with previous study, we also confirmed methadone significantly upregulated the expression of CCR5, which was abrogated by naltrexone treatment in macrophages ([Figure S2](#SM1){ref-type="supplementary-material"}). In the present study, we found that methadone treatment of macrophages suppressed the expression of MIP-1β ([Figure 2](#F2){ref-type="fig"}), which is supported by other reports that how that morphine ([@B50]) and cocaine ([@B52]) inhibited β-chemokines expression in MDMs and PBMCs. It is well-known that the binding of HIV gp120 to both CD4 and a co-receptor is necessary for the entry of most HIV-1 strains. Additionally, β-chemokines, the natural ligands for co-receptor CCR5, interfere with HIV infection by competing for the CCR5 receptor in macrophages ([@B53]). Combined with the enhancement on the synthesis of Strong Stop DNA and reverse transcription DNA by methadone ([Figure 1F](#F1){ref-type="fig"}), we assume that the upregulation of CCR5 and downregulation of MIP-1β production by methadone treatment may be directly responsible for the HIV enhancement by methadone in the early stage of HIV infectivity in macrophages.

Type I IFNs have been well-known to induce the expression of hundreds of IFN-stimulated genes (ISGs), including a variety of antiviral restriction factors as part of the innate immune response ([@B54]). We subsequently examined the effect of methadone on the expression of IFNs and restriction factors, which may contribute to understanding the potential mechanism responsible for the action of methadone. In our study, we found that methadone treatment of macrophages suppressed the expression of IFN-β and IFN-λ2 ([Figure 3](#F3){ref-type="fig"}). This finding supports the earlier observation that morphine or heroin could significantly inhibit the expression of endogenous IFNs in macrophages ([@B49], [@B55]). APOBEC (apolipoprotein B mRNA-editing enzymecatalytic polypeptide-like protein) family members inhibit retroviruses replication by deamination to convert cytidine(C) to uridine (U) of viral DNA ([@B56]), among which APOBEC3F and APOBEC3G can restrict HIV replication in both CD4+ T cells and macrophages ([@B57], [@B58]). MxB directly binds the HIV capsid to interfere with virus nuclear entry/post-nuclear and prevents the uncoating process ([@B59]). In our finding, methadone may enhance HIV infection through inhibiting restriction factors (APOBEC3G/F and MxB) production and impairing intracellular innate antiviral mechanism in macrophages ([Figure 4](#F4){ref-type="fig"}). These findings support the earlier report showing that morphine treatment of human macrophages significantly inhibited the expression of APOBEC3G/F ([@B55]). In addition to inducing the expression of restriction factors, IFN can also act as the regulator of some miRNAs to elicit broad anti-viral effects ([@B60]). MiRNA-28, miRNA-125b, and miRNA-150, which are known to target 3′UTR of HIV transcripts, induced HIV latency, and inhibited HIV-1 replication ([@B37], [@B38]). MiRNA-155 inhibits the entry and viral integration of HIV by reducing several cellular factors required for viral replication ([@B61]--[@B63]). We discovered that methadone reduced the expression of these miRNAs (miRNA-28, miRNA-125b, miRNA-150, and miRNA-155) compared to untreated cells. Collectively, we demonstrated that methadone inhibited the expression of IFN-β and IFN-λ2 in primary macrophages with/without HIV infection, which further regulated the subsequent restriction factors (APOBEC3F, APOBEC3G, and MxB) and other anti-HIV miRNAs (miR-28, miR-125b, miR-150, and miR-155).

To verify that IFN downmodulation is directly linked to host restriction factors and miRNAs modulation, we further confirmed that exogenous IFN-β treatment of macrophages significantly induced APOBEC3G, APOBEC3F, and MxB expression ([Figure S3](#SM1){ref-type="supplementary-material"}). Similarly, exogenous IFN-β also upregulated the expression of some miRNAs (miRNA-125b, miRNA-150, and miRNA-155) in macrophages ([Figure S3](#SM1){ref-type="supplementary-material"}). What is more, IFN-β addition to methadone-treated cells restored the decreased gene expression (APOBEC3G, APOBEC3F, MxB, miR-125b, miR-150, and miR-155) caused by methadone ([Figure 6](#F6){ref-type="fig"}). Therefore, we conclude that it is likely that the downregulation of restriction factors and miRNAs caused by methadone is due to the negative effect on IFN-β.

The interactions between opioid and immune system are complex and their different immunological outcomes depend heavily on the molecular structure of the opioids, the profiles of receptor binding, and the modulation of immune effector cells and molecules. Opioids predominantly exert effects via the μ opioid receptors (MOR) pathway. In our experiments, this methadone action was also mediated by MOR because the naltrexone, a MOR antagonist, blocked the effect of methadone on HIV infection and gene expression (MIP-1β, IFN-β, restriction factors, and miRNAs) of macrophages. In addition, dopamine D1 receptor (D1R) has been implicated in mediating the dopaminergic neurotoxicity and IFN-α expression triggered by methamphetamine, suggesting that opioids may regulate immune system via D1R ([@B44], [@B64]). Opioids also have differential effects on immune cells, including neutrophils, monocytes, NK cells, and T cells ([@B23]--[@B26]). Several studies have reported that opioids accommodate immune function through several mechanisms including upregulation of HIV coreceptor (CCR5 and CXCR4) ([@B18]), regulation of inflammatory cytokines ([@B19], [@B20]), inhibition of IFNs and IFN stimulating genes ([@B21], [@B22]), motivation of the Toll-like receptor 4 (TLR4) signaling pathway ([@B65], [@B66]), and modulation of HLA-DR in dendritic cells ([@B67]). As an opioid agonist, methadone may have the direct and indirect immunoregulatory effects similar to other opioids, thus affect susceptibility to HIV infection. Our research has enriched and improved the understanding of interaction between methadone and immune system during HIV infection.

Taken together, our work demonstrates that methadone potentiates HIV replication in primary macrophages in both dose- and time-dependent manner. One possible explanation is that methadone enhances the expression of coreceptor CCR5 and inhibits the production of the specific ligand MIP-1β, which directly results in the increasing entry of HIV to host cell as further evidenced by the accumulative amount of Strong Stop DNA and reverse transcription DNA. Besides, another potential mechanism is the inhibition on the IFN-β and IFN-λ2, which further regulates the subsequent restriction factors (APOBEC3F, APOBEC3G, and MxB) and other anti-HIV miRNAs (miR-28, miR-125b, miR-150, and miR-155). These modulating effects of methadone are largely blocked by naltrexone, suggesting that methadone action is mediated through μ-opioid receptor. These observations provide a novel mechanism for methadone-mediated HIV enhancement in primary human macrophages. Given the limitation of our *in vivo* studies, future *ex vivo* and *in vivo* studies are necessary and critical in order to determine the clinical impact of methadone on the immunopathogenesis of HIV disease.
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IFN

:   interferon

MIP-1α

:   macrophage inflammatory protein 1 alpha

MIP-1β

:   macrophage inflammatory protein 1 beta

RANTES

:   regulated on activation normal T cell expressed and secreted

APOBEC3G/3F

:   apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like 3G/3F

GAPDH

:   glyceraldehyde phosphate dehydrogenase

MxB

:   myxovirus resistance protein 2

ISG

:   interferon-stimulated gene.
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